High entropy alloys (HEAs) have been a hot research area for many years. They are solid solutions of at least five elements in approximately equimolar compositions. The HEAs are assumed to be stabilized by a high entropy of mixing favouring a solid solution phase instead of a mixture of intermetallic phases. The importance of entropy of mixing and the true nature of HEAs are debated but the concept has contributed to an interesting development of new alloys. They idea of stabilizing solid solutions with many elements have recently been expanded to nitrides, borides, oxides and carbides. Furthermore, a growing number of thin film studies of these compounds are now published.
Introduction
The concept of high entropy alloys (HEAs) was introduced in 2004 in two separate papers by Cantor et al. [1] and Yeh et al. [2] . Cantor and co-workers studied casted samples of equiatomic alloys with up to 20 different elements. They identified in their samples a solid solution phase rich in Co, Cr, Fe, Mn and Ni. A more detailed study of a casted alloy of only these elements in equimolar concentrations showed a single-phase material with a closed-packed cubic structure (often denoted by its Bravais lattice, face centred cubic -fcc). The equimolar CoCrFeMnNi phase (today a.k.a. the Cantor alloy) can be considered as the first described HEA phase although the influence of entropy on the phase stability was never discussed in this paper. A few months later, Yeh and co-workers published a study on several arc-melted and annealed multi-component alloys including Al x CoCrCuFeNi (note that we here denote the alloys with the elements in alphabetic order) [2] . They observed that depending on Al content, the materials crystallized in either a single phase fcc, a single-phase bcc (body-centred cubic) or a mixture of fcc and bcc. The formation of a single-phase alloy was explained by a stabilizing effect of the entropy of mixing and the concept of high entropy alloys (HEAs) was introduced as a design route in metallurgy.
Given the promising results from high entropy alloys, the question if the concept can be expanded to compounds with p-elements (i.e. elements of groups [13] [14] [15] [16] in the periodic table) is obvious. This was first studied by , who sputtered HEA compound targets in reactive atmosphere containing nitrogen to produce high entropy nitrides (HENs) [3] . As studies on HENs based on further alloy systems continued, the concept has been expanded further to include high entropy oxides (HEOs) [4, 5] , high entropy borides (HEBs) [6] , and also high entropy carbides (HECs) (see e.g. [7] [8] [9] [10] ). As will be discussed below these terms may be misleading, but nevertheless they represent an interesting design concept with the potential to produce new bulk and thin film materials with excellent properties for various applications. Many high-entropy materials have interesting properties such as excellent high-temperature strength, high oxidation resistance, good corrosion properties, high radiation resistance etc. Reviews summarising properties of mainly bulk compounds can be found in e.g. refs. [11, 12] , and a recent review by Li. et al. summarises research on high entropy coating materials [13] .
Most studies based on the high-entropy concept have been carried out on bulk materials but there has also been extensive interest from the thin film community to study the deposition, microstructure and properties of HEA coatings (see for example refs. [14] [15] [16] ). A majority of these studies have been carried out with magnetron sputtering but also other methods such as cathodic arc deposition has been used [13] . The aim with this paper is to summarise published results on thin film growth of carbon-containing multi-component materials in more detail than possible in a wider review on high-entropy or multi-component coatings. We will mainly focus on thin films based on the high-entropy concept with 4-5 metals and C as primary non-metallic elements. Focus will be on the solid solution phases based on the high-entropy concept, and nanocomposite structures will only be mentioned briefly. We will summarise the properties of such thin films and discuss potential future studies in the field. To be able to discuss the high-entropy concept for carbides, we will however first introduce and comment some of the core effects of the high entropy alloys.
General concepts connected to high-entropy materials
Miracle and Senkov have recently published an excellent review on high-entropy alloys and related concepts, where among matters they discuss the four suggested HEA 'core effects': The high-entropy effect; the lattice distortion; the sluggish diffusion; and the 'cocktail' effect [11] . The first three will be discussed below. The so-called cocktail effect, which is used to describe unpredicted synergetic effects, and is unlike the other three core effects not based on a hypothesis and will thus not be discussed further.
The entropy of mixing (ΔS mix ) for a random solid solution with N components is given by:
where c i is the atomic concentration of element i, N is the number of components and R is the ideal gas constant. ΔS mix will increase with the number of elements and is equal to 1.61R for a five-element solid solution. We can as a first approximation assume that the Gibbs free energy of formation of the solid solution, ΔG ss , is only dependent on the mixing enthalpy (ΔH mix ) and entropy of mixing (ΔS mix ), neglecting e.g. vibrational entropy, according to:
We can understand that a solid solution can be thermodynamically stable if ΔS mix is large for the solid solution and if the enthalpy and entropy contributions for competing intermetallic compounds are small. It is also obvious that the stability of the solid solution versus intermetallic phases should increase with temperature. A good example of the temperature dependence can be seen in Fig. 1 showing the phase content of an equimolar HfNbTiVZr alloy calculated by a CALPHAD approach [17] . A single-phase equiatomic HEA with a bcc structure (denoted bcc HT) is only thermodynamically stable above about 830°C. Below this temperature, a mixture of three phases; an hcp, a bcc LT and a C15 Laves phase are stable. The low temperature phases have different compositions and the various elements are unequally distributed within them. For example, the C15 Laves phase are enriched in V, Zr and Hf (i.e. (Hf,Zr)V 2 ). Consequently, the HEA concept is thermodynamically valid for this alloy system only in a limited temperature range.
Several definitions for a HEA has been proposed. For example, Yeh et al. suggested in their original paper that at least five principal elements between 5 and 35 at.% were required [2] . According to this definition, a HEA can be formed also with non-equimolar compositions. Some authors, however, have restricted the definition of HEAs to equimolar concentrations only. Other definitions have been based on the size of the entropy of mixing where, for example, ΔS mix should at least 1.61R to qualify as a HEA, while lower values are typical for a "medium entropy alloy" [18] . It should be noted, however, that 1.61R must be considered as an arbitrary value based on the requirements of five elements in a random, ideal solid solution. In reality, the important factor is a ΔS mix value large enough to make the solid solution phase the most stable phase (lowest Gibbs free energy of formation) at a given temperature. Furthermore, the definition of a HEAs is based on a solid solution of alloys. If we expand the concept to carbides, nitrides and oxides, we have structures with separate lattices for the metals and the p-elements. For example, in a carbide with five transition metals we have a metallic lattice and carbon lattice. The ΔS mix value for a such a compound is not easily determined since the random solid solution is present on the metallic lattice only, while the carbon lattice may have two species; carbon atoms and vacancies. A detailed thermodynamic model for high entropy effects in compounds of this type has yet not been presented. Another issue has been if a HEA must be a single phase material or if it can be accepted that a HEA alloy can be a mixture of a solid solution phase and other intermetallic phases at equilibrium [19] . These definitions give rise to semantic problems. For example, can we at room temperature classify an alloy such as HfNbTiVZr as a HEA if it is only thermodynamically stable at higher temperatures? In many HEAs diffusion is assumed to be sluggish although experimental evidence for this is lacking. Nevertheless, the nucleation and growth of a mixture of more complex and thermodynamically stable intermetallic phases, such as a sigma or Laves phase require a substantial diffusion during the manufacturing process. The time needed for the formation of the equilibrium phases is not always available due to a rapid cooling or quenching during the manufacturing process. For example, the HfNbTiVZr alloy in Fig. 1 form only a thermodynamically stable solid solution at high temperatures. Arc-melting or thin film deposition with magnetron sputtering, however, always give a random solid solution at room temperature [17, 20] . The rather high quenching rates during sputtering or solidification from an arc-melt leads to a reduced diffusion rate and the formation of a metastable solid solution. In this case, kinetics may be the main reason for formation of solid solution and not a high entropy. Most likely, many HEAs described in the literature are only kinetically stabilized and further post-annealing could give a phase mixture of intermetallic phases. To avoid these semantic issues and other controversies regarding the importance of entropy in phase formation, other terms such as multi-principal element alloys (MPEAs) and complex concentrated alloys (CCAs) have been proposed. The issues regarding the definitions and names of this intriguing group of alloys are summarised in the review by Miracle and Senkov [11] . Furthermore, ref. [11] also summarises other issues on, for example, the thermodynamics of HEAs and the problems with entropy of mixing of the solid solutions as a dominating concept for these alloys. An important question in the design of HEAs is the possibility to predict the formation of solid solutions and competing intermetallic phases using some generally available parameters. One approach is to select combinations of elements giving very small formation enthalpies ΔH mix assuming that ΔS mix then will dominate. Many authors have presented models for the prediction of single phase solid solution versus the formation of intermetallic compounds. For example, Troparevsky et al. systematically calculated the enthalpy of formation of binary compounds for a large number of elements as a tool to predict the formation of competing intermetallic compounds in potential HEA systems [21] . The use of such general models can be a valuable tool to develop new HEA alloys with a limited number of experiments. It should also be noted that complete random solid solutions only can be obtained in ideal solutions. In reality, all HEAs are non-ideal leading to e.g. partial elemental segregation and/or spinodal decomposition. Such inhomogenities can strongly affect the properties.
Another factor which is assumed to be important for the structure and properties of HEAs is the lattice distortion. This has theoretically been quantified by the so-called δ-parameter, which is the average deviation from the average atomic radius and thus is defined as:
where c i and r i are the atomic concentration and radius of element i, respectively, and r the average radius of all elements. The basis idea behind the concept is that a solid solutions with a large variations in atomic radii should induce a lattice strain. Studies of many alloys systems show that δ should be < 6.4% to favour the formation of a solid solution, higher values tend to favour the formation of amorphous material [22] . This empirical rule is related to the well-known Hume-Rothery rules for binary alloys stating that an extensive solid solution requires a radius difference < 15% between the two atoms [23] , as well as the Inoue rules for the formation of metallic glasses [24] . However, attempts to experimentally verify the assumed lattice distortions have not been successful and the validity of the lattice distortion concept is unclear [25] . Nevertheless, many studies have shown that the δ-parameter is a valuable tool to predict the formation of HEAs. An illustrative example is shown in Fig. 2 showing the influence of ΔH mix and δ on the formation of HEAs (denoted solid solutions, SS, in Fig. 2 ) versus intermetallic compounds and amorphous phases. It has been suggested that the diffusion in HEAs should be sluggish due to the mix of atom sizes and distorted lattice. This has been used to explain some observed properties or motivate possible applications. However, the general validity of this suggestion has not been verified [11] .
Carbon-metal interactions and trends in the periodic table
The formation of carbon-containing multi-component compounds are affected by the M-C interactions (M = transition metal). To understand phase stabilities and elemental segregations in carbon-containing multi-component materials a more detailed discussion of such binary interactions are needed. In this section, we will discuss trends in M-C interactions for the transition metals in group 4-11 and Al which is a common element in some HEA systems. An overview of different carbide stabilities are given in the periodic table in Fig. 3 .
The tendency to form strong M-C bonds and also metal carbides vary among the transition metal atoms. Typically, the early transition metals in group 4-6 are strong carbide formers. Examples of such carbides are TiC, ZrC, TaC and WC. Typically, the M-C bond strength is reduced going from group 4 to group 11. For example, the enthalpy of formation of ZrC is larger (−103 kJ/mol [26] ) than of WC (−41 kJ/ mol [27] ) but all elements in group 4-6 form thermodynamically stable carbides [28] . In contrast, no thermodynamically stable carbides are formed in group 8-11 ( Fig. 3. ). Phases such as Fe 3 C (cementite) and Ni 3 C are frequently observed experimentally (e.g. in steel), but they are not thermodynamic equilibrium phases. The noble metals such as Ag and Cu form no carbides at all, while the platinum metals form carbides at extreme conditions. The crystal structure of the carbide is also dependent on the metal. The early transition metal carbides in group 4-5 typically form monocarbides with a NaCl structure, while Mo and W form many different phases including hexagonal phases with the WC structure. Cr as well as Fe, Ni and Co where the radius ratio r c / r M > 0.59 typically form complex carbide structures such as Cr 23 C 6 , Cr 7 C 3 and Fe 3 C.
Based on the general strength of M-C bonds and carbide-forming ability we can now predict rough trends in HEA-C systems. If we start with HEAs based on carbide-forming metals in group 4-6 and add small amounts of carbon, we should initially obtain a solid solution with C in interstitial sites. Most HEAs based on carbide-forming group 4-6 metals such as HfNbTiVZr crystallize in a bcc structure. As described in Section 1, some of these alloys are only thermodynamically stable as solid solutions at high temperatures (see e.g. Fig. 1 ) but are easily obtained as a single-phase solid solution due to the kinetic restrictions during synthesis. In a bcc metal, C prefers to occupy the octahedral sites. The maximum solid solubility of C in pure metals in group 4-6 is very low due to the small size of these sites. For example, the maximum solid solubility of C at equilibrium in Ta at 2843°C is only about 7 at.% [29] . Consequently, a very low solid solubility of C is also expected in a bcc HEA. However, as described above, the HEAs may exhibit a lattice distortion, which should give a wider range of interstitial site sizes. It is therefore possible, but has yet not been investigated, that HEAs may exhibit a higher solid solubility of carbon than pure metals. Furthermore, the M-C bond strength can vary between individual elements in the HEA. Clustering effects, where the carbon atoms preferentially occupy sites coordinated by the strongest carbide formers (e.g. group 4 metals) may be observed. The effect of extended solubility and clustering effects in HEA-C systems have also not yet been clarified and is an interesting topic for future studies. With increasing carbon contents, the maximum solubility will be reached and carbides will start to form. Most likely, a preferential formation of carbide grains should be observed with the strongest carbides formers (e.g. TiC). At a higher carbon content, a single phase carbide phase is expected. For the group 4-6 metals such a carbide should have a B1 (NaCl) structure (also Mo and W form cubic monocarbides as high temperature phases).
Most binary carbides with the NaCl type (B1) structure (e.g. TiC) have a wide homogeneity range. This is also expected in multi-component carbides with this structure. In fact, the "lattice distortion" discussed in Section 2 may favour even larger homogeneity ranges. This however remains to be determined. Finally, at even larger carbon contents (> 50 at.%), free carbon is expected to form either as graphite or as an amorphous carbon phase at grain boundaries between carbide grains, similar to what is observed in binary and ternary systems.
If we instead use a HEA alloy based on mainly weak-carbide forming metals such as CoCrFeMnNi (the Cantor alloy), a completely different behaviour is expected. At low carbon contents, a limited solid solubility of carbon into interstitial sites are expected. However, as the carbon content is increased, free carbon will start to form. It is also likely that carbide precipitates can be formed if a carbide forming element such as Cr is present. At very high carbon contents, we should also expect a tissue or matrix phase of free carbon (e.g. graphite or amorphous carbon) to form. Finally, we may have a multi-component system where strong carbide forming metals such as Ti, Zr and Ta are mixed with weakly carbide forming metals. In this case, we should expect a multiphase material with carbide and metal (or intermetallic phases) at equilibrium. However, as will be discussed below, we may also obtain a metastable solid solution of a carbide.
Bulk studies of carbon-containing multi-component materials
Bulk synthesis of carbon-containing multi-component materials have been studied by several groups. A short summary of the most important observations of carbon-containing compounds is valuable in order to understand the thin film growth of this type of materials. This discussion will be based on the general trends in the periodic table outlined in Section 3 above.
Several studies have been published on multi-component (high-entropy) carbides based on strong carbide forming elements in groups 4-6 (see e.g. refs. [30] [31] [32] [33] [34] [30, 35] . They defined an entropy-forming-ability (EFA) based on the inverse standard deviation of the energy distribution spectrum for a large number of configurations calculated with the AFLOW-POCC algorithm. They could rank EFA values for all 56 combinations and synthesized selected examples with high, intermediate and low EFA values. Experimental studies with spark plasma sintering (SPS) showed that the carbides with the highest EFA-values such as (MoNbTaVW)C and (HfNbTaTiZr)C formed single phased carbides with the NaCl-structure, while combinations with low EFA-values (e.g. (HfMoVWZr)C) formed multiple phases. Interestingly, they also observed a strong correlation between chemical inhomogeneity determined from lattice strain and reciprocal EFA-value. Sarker et al. could also demonstrate that the multi-component carbides exhibited up to 50% higher hardness than rule of mixture estimations. The hardness trend was correlated to the valence electron concentration (VEC). A significant increase in hardness (30% higher than rule-of-mixture) was also observed by Castle et al. in four-metal carbides of (HfNbTaZr)C prepared by ball-milling and SPS [34] . They also found indications that the lattice mismatch between the monocarbides affect the possibilities to form a single-phase solid solution carbide. The formation of a multi-component carbide solid solution should also influence the thermal conductivity of the material due to increased phonon scattering on the sublattices. Yan et el. have recently demonstrated this effect in spark plasma sintered (SPS) multi-component carbides, where (HfNbTaTiZr)C exhibited a thermal conductivity of about 6.5 W/mK compared to > 30 W/mK for e.g. TaC and ZrC [33] . SPS has also been used to synthesize single phase multi-component carbides with 4-7 metals (e.g. V, Nb, Ti, Ta, Mo and W) and small amounts of nitrogen with a NaCl structure [36] . These materials combined a high hardness, fracture strength and also a low thermal diffusivity.
A completely different behaviour is expected for multi-component materials of mainly weak carbide-forming metals such as Fe, Ni, Al and Co. The influence of carbon on the structure and mechanical properties on the well-known Cantor alloy CoCrFeMnNi have been studied by several authors (see e.g. refs. [37] [38] [39] [40] [41] [42] [43] [44] [45] ). This alloy exhibits a fcc structure and can at best dissolve about 1 at.% C. The presence of carbon has a major influence of the mechanical properties. Pure CoCrFeMnNi has an unusual temperature dependence where the strength and ductility both increase as the temperature is reduced from 293 K to 77 K [37, 38] . This behaviour is explained by the presence of a nano-twinning mechanism during deformation. Wu et al. have demonstrated that the solid solution of small amounts of carbon into CoCrFeMnNi increases the strength and ductility, which was explained by a higher twinning ability [39] . This was correlated to a reduced stacking fault energy giving an enhanced twinning also at higher temperatures. Other studies have confirmed the improved strength with the presence of carbon but suggest an increase in stacking fault energy at higher carbon contents [40, 41] . Irrespective of the mechanism for nano-twinning, the results show that a solid solution of carbon into the HEA has a clear and beneficial effect on the mechanical properties.
As the carbon content in e.g. the Cantor alloy increases, the solubility limit is reached. This leads to the formation of carbides with the M 23 C 6 or M 7 C 3 -type. As expected, the carbides are highly enriched in Cr, the strongest carbide former (see e.g. [41] [42] [43] [44] ). In casted CoCrFeCNi samples, carbon seems to segregate to interdendritic regions upon carbide formation and also contribute to a grain refinement effect [43] . The formation of carbide precipitates increases the strength and hardness of the alloys. As discussed in the previous section, it should be possible to further tune the properties of the Cantor alloy by adding a stronger carbide-forming element such as Ti. Cheng et al. have studied Ti and C additions to the CoCrFeMnNi alloy and found a 90% increase in compressive yield strength due to the formation of ultrafine grains (grain boundary strengthening) and the formation of TiC (precipitation hardening) [45] . Consequently, also the mechanical properties of weak carbide forming alloys can be controlled by a well-defined addition of C and carbide-forming metals.
Many alloys with weak carbide-forming transition metals also contain Al. Examples are AlCoFeNi and AlCoCrFeNiCu. Al is also a weak carbide forming metal. In fact, Al 4 C 3 is highly reactive and react with water under the formation of aluminium hydroxide and methane. Al has an important influence on the crystal structure of the pure HEA. For example, Al x CoCrFeNi changes from an fcc to a bcc (B2) structure as the Al content increases [46] . When C is added, the solubility is limited and carbide and/or free carbon formation is observed. Kivy et al. observed a hardness increase in AlCoCrFeNI alloys due to the formation of (Cr,Fe) 23 C 6 grains when C was added [47] . In contrast, Fan et al. studied the effect of carbon addition to AlCoFeNi, an alloy with no carbideforming elements [48] . They observed that the addition of carbon dramatically changed the microstructure from a columnar structure with a B2 phase to a dendritic morphology with a B2 phase in the dendrites and a mixture of fcc and ordered fcc phase in the interdendritic regions. The added carbon reduced the grain size and induced a spinodal decomposition where carbon was mainly present in Fe and Co-rich interdendritic regions. At higher carbon contents (> 4 at.%), graphite was formed. The added carbon increased the hardness and significantly improved the strength and compressive strain compared to carbon-free alloys.
Thin films of multi-component carbon-containing materials

Deposition and structure of multi-component carbide films
Thin films of carbon-containing multi-component films have not been studied as widely as corresponding nitrogen-containing coatings and most published papers focus on films with strong carbide forming metals. Braic and co-workers have investigated the carbide formation in a number of HEA-based systems using sputter-deposition, where the metal components have been chosen to influence structure and properties in different ways [7, [49] [50] [51] [52] [53] [54] . Jansson and co-workers have sputter-deposited coatings with various metal ratios and carbon contents in the (CrNbTaTiW)C and (HfNbTiVZr)C systems [9, 20, 55, 56] . Gorban' et al. have deposited coatings with different carbon content by sputtering from an HfNbTaTiZr alloy target in a compressed vacuum-arc discharge plasma [8] . And there is also a study by Jhong et al. [10] .
Braic and co-workers prepared coatings by co-sputtering of the metals in a reactive Ar + CH 4 atmosphere, where carbon content (through the amount of reactive gas), metal content, or deposition temperature has been varied. All the material systems have at least three early transition metals, i.e. Ti, Y, Nb, Zr, Hf, or Ta, which all are strong carbide formers. These have in different studies been complemented with weak carbide formers as Cr [7, 52] and/or Al [7] ; the non-carbide forming Cu [51, 52] which in ternary systems have been shown to promote ductility [57] ; or Si [51, 53] which forms a covalent carbide and is a known to promote a disordered structure in carbide coatings [58] . Metal concentrations (including Si) have in all cases been close to equimolar, and carbon content has been varied from ca 41 to ca 82 at.%, but in most studies kept close to 50 at.%.
Generally, a NaCl-type (B1) structure, with a lattice parameter consistent with a solid solution phase containing all the elements in the coatings, is observed [7, 49, 52, 53] . This can, e.g., be seen in the diffractograms in Fig. 4 . This phase is found to have a preferential (111) orientation in the growth direction, and peak broadening indicates grains in the size range of a few to 20 nm. For high carbon contents there is, as in binary and ternary carbide coatings [58] , a trend with reduced grain size and eventually the coatings become X-ray amorphous. The same behaviour is observed by Jhong et al., who studied the deposition of (CrNbSiTiZr)C x films with reactive RF magnetron sputtering using CH 4 as carbon source [10] . From carbon contents of ca 35 at.% a NaCl-type structure was observed, and at high carbon contents (> 60 at.%) the films became X-ray amorphous.
Furthermore, for high carbon content coatings an amorphous carbon phase is identified by X-ray photoelectron spectroscopy (XPS) and/or Raman spectroscopy [7, 49, 52] . Examples from a carbon-rich sample with ca 71 at.% in the (CrCuNbTiY)C system are shown in Fig. 5 [52] . The Raman spectrum in Fig. 5 (top) shows the typical D-and Gbands of an amorphous carbon phase. The XPS C 1 s spectrum in Fig. 5  (bottom) shows the presence of carbon atoms in a carbon environment (contribution "B") and carbon in a carbidic environment (contribution "A"), and thus shows that this coating is a nanocomposite. It is interesting to note, that in some cases a two-phase structure is observed, also for X-ray amorphous thin films, indicating a two-phase non-crystalline nanocomposite.
For these multi-component carbides, the observed reduced Fig. 4 . Diffractograms of (AlCrNbTiY)C films from Braic et al. [7] , showing that a NaCl-type (B1) phase with an fcc lattice (marked by • and ▲) is formed when 10-17% CH 4 is used in the sputtering gas (sample 2 and 3, above), and that higher carbon contents (26-33% CH 4 samples 4 and 5) leads to a decrease in crystallinity. Sample 1 is a pure metallic coating. crystallinity is also connected to the selection of metals, where a too large concentration of non-(Cu) or covalent-(Si) carbide forming metals leads to an amorphous or glass-like structure also at lower carbon contents. This is e.g. observed in the study of (CuSiTiYZr)C coatings, where the diffraction signal is very weak and broad also for carbon contents of 41 and 51 at.% [51] . The observed non-crystallinity is also connected with a high δ-value (14.4) for the studied compositions, which is known to promote the formation of non-crystalline materials [22] . All the above observations have analogues in ternary carbide systems [58] , showing that the well-known design strategies from these systems should be applicable also in multi-component materials. For low carbon contents there are also indications of co-existence of a solid solution carbide phase and intermetallic phases [7] . In the study by Gorban' et al. the deposition process was varied by using different amounts of C 2 H 2 in the process gas. For small amounts of hydrocarbon gas (5-10%), a single NaCl-type phase with a lattice parameter close to what would be expected for a solid solution carbide was formed. Thus showing the formation of a multi-component carbide phase. At higher hydrocarbon gas contents, however, a combination of a NaCl-type phase and a bcc phase with a lattice parameter very close to a pure metallic coating was formed. Thus indicating a nanocomposite structure of a carbide and an alloy phase. Unfortunately, no more detailed phase or microstructural analysis was performed, although impressive mechanical properties were measured, see below.
Coating morphology is described as ranging from columnar to finegrained or glass-like, and depends on deposition conditions [52] and included metallic elements [53] . Almost all papers report microstructure, through observations from electron microscopy (SEM and/or TEM) or atomic force microscopy (AFM). It is clear that the number of elements, choice of elements, and composition have a large influence on the microstructure, making it difficult to draw any general conclusions concerning microstructural control, or possible deviating behaviour of multi-component carbon-containing thin films -the number of studies are too small and observed variations quite large. When direct comparison to a binary carbide is possible, the multi-component structure shows a smother and denser morphology [49] . Despite that residual stresses is common in magnetron sputtered thin films, and known to influence mechanical properties the matter has for carboncontaining thin films so far not received any significant attention. Only one paper by Braic et al. reports values, which show comparably low stresses (absolute values < 1 GPa) [52] .
The discussion in Section 3 (above) shows that there are significant variations in the Me-C bond strength for the transition metals in the periodic table with strong carbide-forming metals in group 4-6 and elements forming metastable or no carbides in group 7-10. It is therefore conceivable to assume that the addition of C to a HEA or the formation of multi-component carbide should give films with some segregation or clustering effects. This was observed in a recent study by Malinovskis et al. in magnetron-sputtered (CrNbTaTiW)C films with about 40 at.% C [9] . The substoichiometric carbon content was selected to avoid formation of free carbon in the films. Two different compositions; a near equiatomic and a TaW-rich composition deposited at different substrate temperatures on sapphire substrates were investigated. The near-equimolar carbide films crystallized in the NaCl-type (B1) structure, exhibiting a strong (111) texture with columnar grains. The grains grew from the substrate to the film surface without any re-nucleation during the deposition process (Fig. 6) .
Based on X-ray diffractograms in ref. [9] it is easy to assume that a multi-component carbide or a "high entropy carbide" film was deposited. However, EDS analysis showed that the metals were not randomly distributed in the film. A strong segregation of Cr to the grain boundaries of the columns was observed, see Fig. 7 . No indication of a separate chromium carbide phase at the column boundaries could be observed. The segregation of Cr can be explained from a comparison of the carbide-forming ability and radii of the metals. Nb, Ta and Ti all form stable binary monocarbides with the B1 structure. In contrast, W and Cr crystallize in other crystal structures and only form the B1 structure as metastable phases. Cr is much smaller atom (1.29 Å) compared to the other metals and due to a unfavourable C/Cr radius ratio, Cr prefers to form carbides with a complex structure and low carbon content such as Cr 23 C 6 and Cr 7 C 3 . This means that the total energy of the system could be reduced by segregation of this metal from the bulk of the carbide grains to the column boundaries. It is likely that any multi-component carbide film, mixing strong carbide forming elements in group 4-5 with Cr, Mn and other weak carbide-forming metals in group, will exhibit a segregation of these elements to grain or columnar boundaries.
Malinovskis et al. also studied multi-component films with a TaWrich composition (Ta + W about 75% of the metal content [9] ). These films also crystallized in the NaCl-type (B1) structure. However, in this case a change in texture from (111) to (100) was observed at higher deposition temperatures. In contrast to the near-equimolar films, an increased twinning and renucleation of nanosized grains (< 20 nm) were also observed. This could be explained by a more "sluggish diffusion" in the near-equimolar case compared to the TaW-rich film. Furthermore, a more detailed analysis of the X-ray diffractogams showed that the TaW-rich multi-component film exhibited a weak noncubic, Bain-like distortion similar to what has been observed in hydrogenated HfNbTiVZr bulk alloys [59] . The mechanism behind the type of distortion is unknown.
The studies summarised above are limited to carbide formation with a high carbon content in the films. As described in Section 4, carbon can also be added as a solid solution in the metal or alloy below, or very close to the solubility limit. It should be noted, however that magnetron sputtering often gives films with a solid solubility of carbon higher than maximum solubility allowed in bulk materials. An example is W, where the maximum solubility of carbon at equilibrium in bulk W is 1 at.%, but where sputtered films can exhibit a carbon solubility above 10 at.% [60] . This is due to the metastable growth conditions during sputtering. From the discussion in paragraph 4, we can predict that solid solution of C into HEAs can have two effects: (i) a grain refining effect giving smaller grain sizes and (ii) formation of solid solubility giving films with modified mechanical properties.
A limited number of thin film studies with carbon as solid solution in a HEA structure have yet been published. Fritze et al. studied the effect of adding 8 at.% C to a magnetron-sputtered multi-component CrNbTaTiW alloy film with different compositions [55] . They found that the effect of carbon on the film structure was strongly dependent on the composition of the alloy. As predicted, a grain size refinement was observed when carbon was added to the HEA film. A near-equimolar film with 8 at.% C was completely X-ray amorphous, while a TaW-rich film with the same carbon content (metal composition: Cr 0.04 Nb 0.12 Ta 0.40 Ti 0.04 W 0.40 ) exhibited a nanocrystalline bcc structure with carbon in a solid solution. The formation of an non-crystalline structure in the near-equimolar film can be explained by the low solubility of carbon in bcc metals. For example, the C solubility in bcc Ta is only about 2.7 at.% at 2200°C and well below 1 at.% at lower temperatures [61] . Higher carbon contents should therefore from a thermodynamic point of view lead to the formation of metal carbides. However, the diffusion rates in these film at the deposition temperatures used in the sputtering process is low and the formation of carbidealloy phase mixture is kinetically unfavourable leading to a non-crystalline film. Furthermore, the formation of such films may also be related to the enthalpy vs. lattice distortion plot in Fig. 2 . The lattice Fig. 7 . EDS analysis of a cross-section of near-equimolar (CrNbTaTiW)C films deposited at 300°C. A strong segregation of Cr to the column boundaries can be observed. From ref. [9] . distortion in the equimolar alloy is on the border of stability for the solid solution, as indicated by the δ-value of 5.4%. It could be argued that the addition of carbon into the small interstitial sites will increase the distortion and also make ΔH mix more negative, and thus would shift the carbon-contain alloy from the top left blue solid solution region in Fig. 2 to the amorphous region bottom right.
An APT study of the near-equimolar CrNbTaTiW films with and without carbon showed a significant elemental segregation showing that ideal solid solutions in this type of materials should not be taken for granted [56] . An enrichment of Ti and Cr at the column boundaries was observed in the carbon-free CrNbTaTiW films. This was explained by the high enthalpy of formation of TieCr bonds (−370 meV/atom), which favors a clustering of TieCr atoms. No formation of a TieCr compound, however, was observed in X-ray diffraction (XRD). In the Xray amorphous CrNbTaTiW film with 8 at.% C, Ti-rich plates (10-50 nm) were observed. In addition, C-rich clusters were present in the films. The clusters contained about 18 at.% C compared to 7.5 at.% C in the matrix outside the clusters, see Fig. 8 . The size of the clusters are a few nm and their total volume fraction 2-4%. No indication of carbidic nanocrystallites could be seen in transmission electron microscopy (TEM) suggesting that these clusters are non-crystalline carbidelike features within the film. The observation of a nanocrystalline TaWrich film with 8 at.% C in ref. [55] is more difficult to explain. XRD, TEM and XPS suggest that the films are solid solutions of a bcc alloy with carbon in interstitial sites with no formation of carbides or CeC tissue phase between the crystalline grains. A solid solution of 8 at.% in the TaW-rich film is far above expected solubility maximum but supersaturated solid solutions are often observed in magnetron sputtered carbon-containing films [58] .
No systematic studies of carbon-containing multi-component thin films with weak carbide formers such as the Cantor alloy (CoCrFeMnNi) have yet been published. However, Suszko and co-workers recently published a very interesting study on FeCrNi/a-C:H films deposited by reactive magnetron sputtering from an austenitic steel target [62] . Although, this is not directly a multi-component film they observed special microstructures with self-organizing nanotube-like features. This suggest that similar structures can be obtained also in other multicomponent systems with weak carbide-forming metals.
Properties of multi-component carbide films
In general, metal carbides are well-known to exhibit have many interesting properties such as high hardness and wear resistance, potential for low-friction (at high carbon contents), high corrosion resistance etc. [58] . Multicomponent carbide films opens up a wide design potential, where different metals can be used either to further increase e.g. the hardness due to strengthening effects, or to optimize properties by selecting metals which can give e.g. both high hardness and excellent corrosion resistance. This has in fact been observed in the literature. Braic and co-workers have in their studies investigated the mechanical (hardness, friction, and wear) [7, 49, 51, 52] properties and investigated the possible application of these coating materials as protective coatings. Hardness values between 13 and 30 GPa were reported, and the highest observed hardness was observed for a nc-(CrCuNbTiY)C x /a-C film [52] . Coatings with low hardness either contain intermetallic phases or have underdense microstructures. Several studies on bulk samples suggest that the hardness of the multi-component materials is higher than rule-of-mixture for the binaries (see Section 4) . A similar trend has been observed for magnetron sputtered films. For example, Braic et al. deposited HfNbTaTiZr, HfNbTaTiZrC and HfNbTaTiZrN films with magnetron sputtering from elemental targets and compared the hardness and wear rates with binary TiC and TiN films. They observed an about 30% increase in hardness from 21.6 GPa to 27.5 GPa in the multi-component carbide film compared to the TiC film. Gorban' et al. have studied the properties of (HfNbTa-TiZr)C samples and observed high hardnesses of 18-48 GPa, depending on amount of reactive hydrocarbon gas used in the deposition process [8] . Very high hardness was attained both for coatings showing a single NaCl-type solid solution carbide phase (43 GPa) suggesting that multicomponent carbide films have the potential to be superhard, as well as two-phase coatings (48 GPa) [8] . Jhong et al. also observed a significantly higher hardness for a reactively sputtered (CrNbSiTiZr)C x coatings [10] . They observed a hardness of 33 GPa for a film with about 37 at.% C and a hardness of 22 GPa for a film with 88 at.% C. The latter film was X-ray amorphous and probably contained significant amounts of free carbon, but no XPS analysis was carried out to confirm this. Interestingly, Jhong et al. investigated the H/E and H 3 /E 2 ratios for their (CrNbSiTiZr)C x films as a function of carbon content. They observed high values of both parameters, suggesting a high ductility and resistance to plastic flow. The (CrNbSiTiZr)C x films exhibited higher H/ E and H 3 /E 2 ratios than other conventional coatings, see Fig. 9 .
Malinovskis et al. [9] and Fritze et al. [55] also observed a significantly higher hardness in multi-component (CrNbTaTiW)C films with a NaCl-type structure than for binary films deposited in the same equipment. They observed an influence of composition, deposition temperature and crystallinity on the hardness. The hardest films (35 GPa) were observed for at higher deposition temperatures with a TaW-rich composition. Fritze et al. also studied the mechanical properties of bcc CrNbTaTiW films with 8 at.% C [55] . The addition of C in interstitial sites in TaW-rich films with a bcc structure increases the hardness from 15 GPa to only 19 GPa. However, the films also become more ductile suggesting that carbon has an effect on the plastic deformation of the films. This may be due to a grain refinement caused by the addition of carbon.
In general, the observed hardness are similar to what is expected from traditional binary and ternary carbide coatings, and clearly dependent on microstructure and amount of amorphous carbon phase in the material. In general, the coupling between microstructure and properties seem to follow the same trends as in 'simpler' binary or ternary materials. However, due to the complex interconnection between included elements, composition, microstructure, and properties it is difficult to draw any general conclusions. It is, e.g., unclear if the high hardness in the multi-component films is caused by a hardening similar to solution hardening. Furthermore, segregation effect to column boundaries or local clustering phenomena may contribute to an increased hardnesss. Further studies are required to clarify this.
Transition metal carbides may also exhibit very low friction coefficients and low wear rates making the suitable as tribological coatings. The tribological properties are strongly dependent on the amount of free carbon in the films [58] . Many multi-component coatings also have excellent tribological properties. In many cases, the observed coefficient of friction is typically below 0.2 and with some carbon-rich samples reaching below 0.1, and thus comparable to binary and ternary carbide-based coatings [58] . Also low wear is observed, with a (Hf,Nb,Ta,Ti,Zr)C x coating showing distinctly lower wear than TiC references in the same study [49] , with similar values (i.e. < 1.0 × 10 −6 mm 3 N −1 m −1 ) also observed for (CrCuNbTiY)C x [52] and (Al,Cr,NbTi,Y)C x coatings [7] . Examples of friction measurements of multi-component carbide coatings and ternary references with different carbon contents, from ref. [51] , are shown in Fig. 10 .
Metal carbides coatings may also exhibit high corrosion resistances, see for example ref. [63] . Such coatings may then offer an excellent design possibility for corrosion resistance, since metals with high corrosion resistance can be added to e.g. hard materials. Braic et al. investigated the corrosion resistance of X-ray amorphous (CuSiTiYZr)C x coatings in NaCl solution and observed an improvement in corrosion properties compared to (TiZr)C [51] . The corrosion resistance increased with carbon content, which was attributed to the formation of a free carbon phase. The improved corrosion resistance could also be due to a reduced porosity in most carbon-rich coatings. Braic et al. have also investigated the potential for biomedical applications, studying corrosion properties of (HfNbTaTiZr)C films in simulated body fluid (including versions of the thin film material where one of the metals have [51] .
been replaced by Si) [50, 53] , as well as biocompatibility by cell growth tests [54] . Also in this case they observed a strong improvement in corrosion resistance with higher carbon contents, but also an influence of metal selection [50, 53] . This was partly explained by the formation of more dense and pore-free films at higher carbon contents. Malinovskis et al. investigated the corrosion properties of (CrNbTaTiW)C films in 1 M HCl solutions and observed excellent corrosion resistances [9] .
In summary, multi-component carbide films can exhibit excellent mechanical and tribological performance, as well as high corrosion resistances. However, due to the strong effect of microstructural parameters on both mechanical and corrosion properties and lack of extensive set of reference samples comparing the inclusion or removal of different elements, it is difficult to determine if the observed performance is a 'true' feature of the multi-component material, or merely an effect of the attained microstructure. For example, when comparing the tribological performance of (CuSiTiYZr)C x and (TiZr)C x , it is found that the multi-component coatings perform better [51] . It is, however, known that the addition of Cu to TiC will, due to weak interactions between Cu and C, decrease the carbon-content of the carbide phase (making it substoichiometric), and thus for a constant total carbon content increase the amount of amorphous carbon tissue or matrix phase, which acts as a solid lubricant [58, 64] . Thus, the observed increase in tribological performance is probably a direct effect of an increased amount of amorphous carbon phase. However, the multicomponent nature of the carbide phase (CuSiTiYZr)C x may also act stabilizing through e.g. the high entropy effect, contributing the mechanical stability, hardness and high wear resistance of the coating, which could be lower for a hypothetical (CuTiZr)C x coating. Furthermore, the inclusion of additional elements may give additional functionality, as corrosion resistance, as shown by Braic et al. for the discussed (CuSiTiYZr)C x coatings. This also exemplifies the difficulty of comparing performance between multi-component and traditional materials.
Concluding remarks and outlook for future studies
As indicated from the properties summarised above, there are clearly multi-component carbon containing coatings with promising properties and in some case impressive performance. However, it is also clear that not all multi-component coatings have superior properties. There is thus a need to develop a fundamental understanding of this group of materials, in order to efficiently move forward, and identify where carbon containing multi-component coatings can provide improved performance. There are a number of points that could form the basis of future studies into this group of materials. First, considering the fundamental topics of structural chemistry/materials science:
• The homogeneity ranges of multi-component carbide phases may significantly differ from traditional binary or ternary materials. The lattice distortion caused by many different atomic radii will also give rise to a variation in the size of interstitial sites. This may increase the homogeneity range of the carbide phase with respect to carbon, and open for more substoichiometric, as well as superstoichiometric, carbide phases.
• Furthermore, a general understanding of the homogeneity ranges with respect to different metal ratios in the multi-component carbides is also missing. Some of the design rules from multi-component alloys seem to apply also for carbides (e.g. restraints of lattice distortion quantified by the δ-parameter), but also the different metal-carbon interactions needs to be considered.
• The assumed fully random solid solution of the multi-component phases with simple crystal structures is not necessarily true in all cases. There are, as noted above, indications of clustering and preferential local order in some systems. The quick evaluations of single θ/2θ or grazing incidence diffractogram, common in the thin film community, will not be sufficient for a complete structure determination, more careful analysis as well as additional methods will be needed. Such methods may e.g. be APT or EXAFS.
• There is also the matter of systematic distortion of the crystal structure, e.g. forming tetragonal phases, observed in some materials systems, which may very well be coupled to a preferential local ordering.
Considering the above points, the matter of non-thermodynamic synthesis conditions and kinetically controlled growth must also be considered. From a more applied point of view, and of course coupled to the above points, there are also a number of points concerning the properties of the multi-component coatings, where research efforts are needed to determine the full potential of this interesting group of materials:
• How the hardness of multi-component carbide phases (and carbon containing alloy phases) can be controlled is not yet fully understood. There are large design possibilities, including: solid solution hardening (due to lattice distortion), partial nanoscale segregation (similar to spinodal decomposition), the possibility of coherent multiphase structures, as well as general microstructural design (e.g. grain size and texture).
• Partially connected to the hardness is the tribological performance (friction and wear), which also depends on the possibility to form solid lubricants at the contact surface, such as amorphous carbon or some metal oxides. The multi-component concept may here offer expanded capabilities compared to traditional material, at least partially due to the high solubility of elements with different properties.
• Also the corrosion properties may be benefit strongly from the possibility to mix elements to a larger extent than in traditional materials. This opens up for novel materials design concepts, where larger amounts of alloying elements can be added to a phase without compromising, e.g., the crystal structure that provides favourable mechanical properties. At the same time, the alloying element (when present in high enough concentrations) can provide additional functionality, such as more effective passivating oxide to enhance corrosion resistance in different environments.
To resolve these matters, well thought through research projects, advanced materials analysis techniques, as well as theoretical simulations will be needed. However, considering the vastness of multi-component compositional space, it might not be enough. The amount of possible combinations and compositions, as well as the complex coupling between phases, microstructure and properties, simply makes the task at hand very large and complex. Traditional materials science methodology will require very long time to reach results. Novel approaches, moving beyond statistical analysis and using artificial intelligence are already being introduced in some parts of materials science [65, 66] . Multi-component materials in general, with carbon containing multi-component coatings as a sub-group, may be very well suited for these approaches. Also, multi-component carbon-containing thin films are not restricted to equimolar compositions lading to a huge compositional space to explore. Here, rapid screening techniques using e.g. combinatorial sputtering with composition gradients are valuable to speed up the discovery of new thin film materials.
